Diamond particle dispersed copper (Cu) matrix composites were fabricated from the powder mixture composed of diamond, pure-Cu and boron (B) by spark plasma sintering (SPS). The composites were consolidated at 1173 K for 600 s by SPS. The reaction between the diamond particle and the Cu matrix in the composite was not confirmed by SEM observation and X-ray diffraction (XRD) analysis. The relative packing density of the Cu/diamond composites increased with B addition and attained 93.2% -95.8% at the B content range between 1.8 vol.% and 13.8 vol.%. The thermal conductivity of the diamond-dispersed Cu composite drastically increased with B addition and reached the maximum value of 689 W/mK at 7.2 vol% B. Numerous transgranular fractures of diamond particles were observed on bending fracture surfaces of Cu-B/diamond composites. This indicates strong bonding between the diamond particle and the Cu matrix in the composite. The coefficient of thermal expansion of the composite falls in the upper line of Kerner's model.
and these all have thermal conductivities, λ, around 200 W/mK. The highest thermal conductivity available in a naturally occurring material is so-called good quality diamond that contains nitrogen less than 85 ppm, and its conductivity is 2000 W/mK [2] .
In addition to this property of diamond, it has a low CTE of 2.3 ppm/K [2] . Therefore, diamond powder is considered to be the best candidate as filler particles for heat dissipative materials. Copper (Cu), on the other hand, is also considered to be a good candidate of the matrix material for heat dissipative materials because of its high thermal conductivity (λ = 385 W/mK) [3] and a low price. From these reasons, Cu-matrix composites containing dispersed diamond particles have received wide attention as potential candidates in advanced electronic packaging [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Metal infiltration technique containing belt-type-high pressure technique [17] has been commonly used for the fabrication of particle-dispersed metal-matrix composites because of pore free metal matrix composites (MMCs) that can relatively easily be obtained. When diamond particles are used, however, to make Cu-matrix composites, this technique does not work because of the low wettability of diamond with pure-Cu.
Therefore, Weber et al. [8] , He et al. [9] [10], Fan et al. [11] and Chen et al. [12] fabricated diamond particle dispersed Cu alloy matrix composites by a metal infiltration technique. In these cases, Cu-Cr, Cu-B or Cu-Zr alloy ingots were used in place of a pure-Cu ingot as a matrix material to obtain the strong bonding between diamond particles and Cu matrix. In these cases, however, the process is associated with the carbide formation at the interface between the diamond and Cu during processing. It was reported that the thermal conductivities of 600 -831.4 W/mK for Cu/50-90vol.% diamond composites [8] [9] [10] [11] [12] . It should be mentioned, however, that such infiltration processes are involved in processing temperatures higher than the melting point of Cu matrix. This is considered to be a drawback since reductions in thermal conductivity could occur by structural alterations of diamond particles by direct contact with molten Cu. Yoshida et al. [5] have reported that the thermal conductivity of diamond drastically decreases when diamond was heated in vacuum for 3.6 ks at a temperature higher than 1223 K.
In order to avoid the above structural alterations, several research works on diamond particle dispersed Cu alloy matrix composites fabricated at temperatures lower than the melting temperature of Cu by vacuum hot pressing (VHP) or spark plasma sintering (SPS) [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] have been reported by Shubert et al. [13] [14], Chu et al., [15] and Mankowski et al. [16] . In these cases, atomized Cu-B and Cu-Cr alloy powders were used as matrix materials so as to form carbides at the interface between diamond and Cu. Similar studies were also done by Weber et al. [8] , He et al. [9] [10], Fan et al. [11] and Chen et al. [12] . The thermal conductivities of 538 -658 W/mK have been reported for Cu/50-58vol.% diamond composites [13] [14] [15] [16] .
In the present study, in order to avoid the processing temperatures higher than the melting point of Cu as well as the use of high cost Cu alloys that have to specially ordered, the powder mixture of Cu and a third element was prepared as a matrix material.
The main purpose of the use of this powder mixture is to try to form strong bonding between Cu matrix and diamond particles through the formation of carbides at the interface between Cu and diamond via third element particles. We used SPS process to fabricate diamond particle dispersed Cu matrix composites using the B-added Cu matrix powder mixture at a temperature of 1173 K. Microstructures of the composites fabricated are observed by scanning electron microscopy. The bending strengths of the composites are measured for the evaluation of the bonding between diamond particles and Cu matrix in the composite. The packing density and the thermal properties, λ and CTEs, of the composites are measured.
Experimental Procedure
In the present study, Ib type synthetic diamond powder (IMS-15, 310 μm, Tomei Diamond Co., Ltd.) was employed as a filler material and its thermal conductivity of the were prepared as starting materials, and these powder mixtures with 50 vol.% diamond were processed to fabricate Cu-B matrix composite using an SPS equipment, Model FUJI ELECTRIC DR. SINTER 1020. The equipment consists of an electric power source and a pressure system, and the fabrication of composites is carried out immediately after powder mixtures are placed in a die-set, mostly, made of graphite. A side view of our custom-made cylindrical graphite die-set used in the present study is depicted schematically in Figure 2 and its details have been described in a previous study [30] . was prepared and placed carefully in the above described custom-made die-set, and consolidation was carried out. The gauge dimensions of the graphite die used in the present study are 35 mm outer diameter, 10 mm inner diameter and 40 mm height.
During SPS processing, die temperature was monitored by a thermo-couple that was inserted in a hole located in a position 5 mm distant from the inner surface of the die.
This thermo-couple hole was drilled on the outside surface of the die with dimensions of 2 mm in diameter and 7.5 mm deep.
The SPS process employed is described in detail as follows. First, the lower punch was inserted into the die from its one end, followed by pouring of 1.2 g of the powder mixture containing diamond particles. Then, the upper punch was placed onto the powder mixture. The powder mixture was pressed at a pressure of 80 MPa through the upper and lower punches, and then spark plasma sintering was performed after evacuation to a vacuum of 2 Pa. Sintering was carried out at a temperature of 1173 K at a heating rate of 1.67 K/s. The holding time used was 0.6 ks. To visualize a change in the relative packing density of the diamond-Cu composite during the SPS process, longitudinal displacements between the punches were monitored as a function of time and die temperature. The discharged pulsed current used was about 450 A and sparking was generated at a constant interval of approximately 2.78 × 10 −3 s.
Disk-shaped composites fabricated in an above fashion were examined by scanning electron microscopy and X-ray diffraction using a JEOL JSM 6460 LA microscope and RIGAKU Rint-2500 X-ray diffractometer. Diamond-Cu composite disks were gold- The CTEs of the composites at room temperature were determined from the slope of the thermal expansion against temperature curve in a temperature range between 288 and 298 K.
Results and Discussion

Relative Packing Density of Composites Fabricated by SPS
The relative packing density of the diamond-particle-dispersed Cu-matrix composites fabricated was measured as a function of B content, which is shown in Figure 3 . The packing density of Cu-diamond composite without B powder addition was 89.7%. On the other hand, the packing density of the composite increased with the addition of B and it was 93.2% -95.8% at a B content range between 1.8 and 13.8 vol.% in Cu matrix.
This increase of the packing density would be caused by some bimodal effect of B powder, which has a wide particle size distribution as shown in Figure 1 . The packing density decreased monotonically with the addition of B at a B content range between 1.8 and 10.6 vol.% and then increased a little. However, the change in the relative packing density of Cu-diamond composite was only 2.6% at a B content range between 1.8 and 13.8 vol.% in Cu matrix. This result would by caused by no or negligible plastic deformation of B particles during SPS consolidation at 1173 K for 0.6 ks because of high melting point of B (Tm = 2349 K), much higher than that of Cu (Tm = 1356 K).
The relative packing density obtained for (Cu-B)-50 vol.% diamond composites was 93.2% -95.8% in the present study, whereas that obtained for Al-50 vol.% diamond composite was higher than 99% in our previous work [30] . This lower packing density of (Cu-B)-diamond composites than that of Al-diamond composite is considered to take place because of different processing conditions. That is, (Cu-B)-diamond composite was fabricated in solid state during SPS, whereas Al-diamond composite was fabricated in continuous solid-liquid co-existent state. To increase the packing density of (Cu-B)-diamond composite, solid-liquid co-existent state processing would probably be effective with the addition of fourth element. In addition, processing at a much higher pressure as compared to that used in the present study would also be effective.
Microstructure
The microstructure of (Cu-7.2 vol.％B)-50 vol.% diamond composite sintered at 1173 K for 0.6 ks by SPS was investigated by scanning electron microscopy. Figure 4 is scanning electron micrographs taken from a cross-section of (Cu-7.2 vol.％B)-50 vol.% diamond composite. As seen in Figure 4 
Thermal Conductivity
Thermal conductivities of (Cu-B)-50 vol.% diamond composites fabricated by SPS were measured and the results obtained were plotted in Figure 6 was maintained at B content range between 1.8 and 13.8 vol.%.
To demonstrate the drastic increase of the thermal conductivity of Cu/diamond composites with addition of B, the powder mixtures composed of Cu and B were also consolidated at 1173 K for 0.6 ks by SPS and the change in the thermal conductivity of Cu with B addition was investigated. Figure 7 shows changes in the thermal conductivity of Cu as a function of the volume fraction of B in Cu. As shown in Figure 7 , the thermal conductivity of Cu monotonically decreases with increasing B content in Cu.
Therefore, considering into account the results shown in Figure 6 and those in Figure   7 , the increase in the thermal conductivity of Cu/diamond composites with B addition would be caused by the improvement of bonding between diamond particles and Cu matrix.
Thermal conductivity has been evaluated for various materials including metal-matrix composites, polymer composites, ceramics and foods, using the following Hassel-man-Johnson Equation (1) [31] . The boundary conductance c h for the composite fabricated in the present work was calculated using Equation (1) and the results obtained are shown in Figure 8 . Figure 6 and Figure 7 , the improvement of the bonding between Cu matrix and diamond particles with B addition will be shown by the result in Figure 8 .
Mechanical Properties
The increase of c h value of Cu/diamond composite with B addition was identified from resultant values using Hasselman-Johnson equation as described above. To carefully look at such an c h value, it consists of two factors, the interfacial bonding and the quantity of porosities. Therefore, bending tests were carried out for Cu/diamond composites to clarify the effect of B addition for the bonding between diamond particles and Cu matrix in the composites. Change in the bending strength of Cu with B addition and that of Cu/diamond composite with B addition are shown in Figure 9 and Figure 10 , Figure 8 . Change in the boundary conductance of (Cu-B)-50vol.% diamond composites as a function of the boron content in Cu matrix. respectively. As seen in Figure 9 , the bending strength of Cu without B addition is 491
MPa. However, the bending strengths of Cu-7.2 vol.%B and Cu-13.8 vol.%B are 666
and 615 MPa, which are 36% and 25% higher than that of Cu without B addition, respectively.
On the other hand, in the case of Cu-diamond composites, the bending strength of Cu-50 vol.% diamond composite is 97 MPa, as shown in Figure 10 . This bending strength is very low in this case. By additions of B, however, drastic increase of the bending strength of Cu-diamond composite was attained. The bending strengths of (Cu-7.2 vol.%B)-50 vol.% diamond and (Cu-13.8 vol.%B)-50 vol.% diamond composites became 217 and 178 MPa, which were 123% and 83% higher than that of Cu-50
vol.% diamond composite without B addition, respectively. Considering into account the law of mixture for composite materials [32] , the drastic increase of the bending strength of Cu-diamond composite with B addition cannot be explained. The present drastic increase of the bending strength is considered to be caused by the improvement of bonding nature between diamond particles and Cu matrix. Although the improvement of the interfacial bonding between diamond particles and Cu matrix is considered to be the formation of boron carbides at the interface, the existence of boron carbides at the interface has not been identified at the present moment.
Therefore, further detailed microstructure investigation is currently underway by using transmission electron microscopy.
Coefficients of Thermal Expansion
Turner [33] and Kerner [34] have proposed models to theoretically calculate coefficients of the thermal expansion (CTEs) of composite materials. Kerner model takes account of shear effects at the boundaries between particles and their matrix, whereas
Turner model takes no account of such effects. Consequently, Kerner model has widely been accepted for theoretical evaluations of the CTEs of composite materials. Hence,
we also utilized Kerner model in the present study to evaluate the CTEs of the composites fabricated in the study. Kerner model is expressed by the following Equation (2),
where c α is the CTE of the composite, d α the CTE of the dispersions (which is 2.3 × Theoretically predicted and experimentally obtained CTEs for the diamond-particledispersed Cu-matrix composites were compared and the result is illustrated in Figure  12 /K of the CTEs for some packaging base materials currently in use, such as, Cu-W, Al/SiC and BeO, it is necessary to add more diamond powders to Cu-matrix composites, for example, as heat spreaders. That is, Cumatrix-composites containing diamond higher than 50 vol.% would be preferable in application. 
Conclusion
Copper (Cu) matrix composites containing diamond particles were produced from the powder mixture composed of diamond, pure-Cu and boron (B) by spark plasma sintering. The microstructures were observed by scanning electron microscope (SEM) and the thermal properties were measured using a thermal constants analyzer and a dilatometer. The composites were consolidated at 1173 K for 600 s by SPS. The reaction between the diamond particle and the Cu matrix in the composite was not confirmed by SEM observation and X-ray diffraction (XRD) analysis. The relative packing density of the Cu/diamond composite increased with the addition of B and it was 93.2% -95.8% at a B content range between 1.8 and 13.8 vol.% in Cu matrix. The thermal conductivity of the diamond particle dispersed Cu matrix composite increased with B addition and the maximum thermal conductivity of 689 W/mK was obtained for (Cu-7.2 vol% B)-50 vol% diamond composite. Numerous transgranular fractures of diamond particles were observed on the bending fracture surface of Cu/diamond composites with B addition.
The coefficient of thermal expansion of the composite falls in the upper line of Kerner's model, indicating strong bonding between the diamond particle and the Cu matrix via B particles in the composite.
